Pheromone-based population suppression methods for stored-product insects can reduce or 26 eliminate application of chemical insecticides near finished food products. The responses of 27 adult male Indianmeal moth males (IMM), Plodia interpunctella (Hübner), to the attract-and-kill 28 formulations of a gel, a flat wax panel, and a plastic cylinder device, mixed or sprayed with the 29 pyrethroid insecticides permethrin, cyfluthrin, or organically compliant natural pyrethrin, 30 combined with the synthetic female sex pheromone (Z,E) -9,12 tetradecadienyl acetate, were 31 evaluated in a laboratory wind tunnel. The wax panel and cylinder, which utilized controlled-32 release pheromone lures, were more attractive to IMM males over the course of an eight-week 33 aging period than was the gel, which had the pheromone incorporated into the gel matrix. The 34 contact time for responding males was longer on the wax panel and plastic cylinder than on the 35 gel formulation. The percentage of mortality of males was higher with wax panels formulated 36 with cyfluthrin at 6.0% AI, permethrin at 6.0% AI and the cylinder formulated with cyfluthrin at 37 2.0% AI, compared to the gel over the eight-week study. These same formulations had the 38 greatest impact on egg-laying by females paired with treated males and on the percent of eggs 39 that hatched. Of all the attract-and-kill formulations tested, the most promising for field 40 applications to suppress IMM pest populations was the wax panel containing 6.0% AI of either 41 cyfluthrin or permethrin. 42
Introduction 45
Semiochemically-based pest management techniques such as mating disruption, mass 46 trapping and attract-and-kill have been developed as alternatives to traditional insecticides 47 applications to control important pest Lepidoptera. Many of these techniques use synthetic sex 48 pheromones to attract males in close contact with killing agent (attract-and-kill), but not 49 necessary in close contact with the pheromone source (mass-trapping, El-Sayed et al., 2006), or 50 otherwise interrupt male mating behavior so that females go unmated and the population 51 declines. However, the most common use of synthetic pheromones for stored product moths is 52 for monitoring populations, and this has become part of the integrated pest management 53 programs for these pests (Burkholder & Ma, 1985 The attract-and-kill, or "attracticide", method of pest control incorporates an attractant of a 59 target insect species with an insecticide in order to kill large numbers of responding insects and 60 ultimately reduce a pest population (Lanier, 1990) . The LastCall® gel (IPM Tech, Inc., 61 Portland, OR), which is a combination of a synthetic sex pheromone with the synthetic 62 pyrethroid permethrin in a gel matrix, was formulated to control Oriental fruit moth, Grapholita smoke tests using titanium tetrachloride (J.T.Baker, Phillipsburg, NJ, USA) and was set at 60 cm 112 per second for all tests, which was observed to give relatively even laminar flow through the 113 central core of the tunnel from upwind to downwind end. 114
Insects and test materials were prepared in a separate room, and only brought into the wind 115 tunnel room when a specific test was to be conducted to minimize contamination of room air 116 between assays. Controlled conditions maintained in the wind tunnel room were 26-28 °C, 50-117 60% r.h., and lights provided by four fluorescent tubes, 60 W each, suspended over the tunnel 118 roof. 119 120
Formulations tested and experimental procedures 121
Three sets of experiments, each one with a different type of attract-and-kill formulation, were 122 conducted. The first tested was LastCall® gel (IPM Tech, Inc., Portland, OR, USA) with the 123 following formulations that each contained the synthetic female pheromone Z,E -9, 12-124 tetradecadienyl acetate at 0.16% by weight; permethrin 6.0% active ingredient (AI), pyrethrin 125 6.0% AI, and gel with no insecticide but with the synthetic female pheromone only as an 126 attractant to serve as a non-insecticide "blank" control. These formulations were tested as 127 droplet sizes of 50-or 100-mg applied to the surface of a glass microscope slide (7.6 × 2.5 cm, 128 Sargent-Welch, USA) and held in place at the upwind end of the tunnel with a small binder clip 129 (ACCO, USA) suspended from a laboratory stand. 130
The second attract-and-kill formulation was a wax panel (20 × 13 cm; Suterra, Bend, OR, 131 USA) that contained the AI cyfluthrin at 0.01, 0.1, 1.0 and 6.0%, or permethrin at 6.0% AI and 132 deployed with a controlled release pheromone lure containing the synthetic female pheromone 133 (Biolure® by Suterra, Bend, OR, USA) placed in the center of the wax panel; and a control wax 134 panel, with no insecticide, deployed with the pheromone lure "blank". The material structure of 135 the wax panel was a paper fiberboard panel that was coated with a mixture of paraffin and oil 136 that contained the insecticide. The Biolure® pheromone release device was a sealed, thin foil 137 pouch for which the bottom and most of the top surface were impermeable film that contained a 138 reservoir of liquid pheromone, and the pheromone was evaporated through a semi-permeable 139 membrane that controlled the release rate by its size and structure. 140
Finally, the third device was a plastic mesh cylinder (7 mm mesh; 35-cm height ×10-cm i.d.;
141
Uniek Co., USA). Insecticides were sprayed onto the cylinders until run-off with an artist's air 142 brush (Paasche, USA), and were either permethrin (FMC Co., Philadelphia, PA, USA), 143 cyfluthrin (Bayer, Kansas City, MO, USA) or organically-compliant pyrethrin without the 144 synergist PBO (Pyperonyl Butoxide; McLaughlin Gormley King Co., Minneapolis, MN, USA), 145 each at 2.0% AI in the final mix and deployed with a Suterra Biolure® in the middle of the 146 cylinder. A cylinder without insecticide, but with a pheromone lure was used as a control 147 "blank". Attract-and-kill devices were suspended on a laboratory stand at the mid-point of the 148 upwind end of the wind tunnel. 149 Two-day old virgin adult male P. interpunctella were released from a cage held on a 150 laboratory stand at the middle of the downwind end of the tunnel. Five adult males were 151 released inidividually in the wind tunnel and bioassayed against each replicate of each device 152 type. Each male moth was given a maximum of 5 min to take flight and respond upwind to the 153 device and contact it. Moths that did not touch the device in 5 min were considered as "no 154 response" and scored 0 for analysis of the males that landed on the device only; those males that 155 contacted the device were scored as responders. 156
The percentage of moths in a test group contacting each device, and time each male was in 157 contact with a device, were recorded. Once a male finished contact and flew away from the 158 device it was captured and placed into a 425-ml glass jar with a virgin female moth and 15 g of 159 cracked wheat kernels as a substrate for egg laying. Every male-female pair was kept for 24 h in 160 a growth chamber at 28 °C, 60-70 % r.h., and L16:D8 photoperiod. 161
Male mortality was recorded after 24 h. Eggs laid in the wheat were carefully separated from 162 the wheat using a U.S. no. 14 sieve (Seedburo Equipment Company, USA), counted and placed 163 on double-sided tape on a 9-cm-diameter black filter paper (Ahlstrom, Mt Holly Springs, PA, 164 USA) in a 9-cm-diameter Plastic Petri dishes (Fisher Scientific, Canada). The eggs were placed 165 into a growth chamber at 28 °C, 60-70 % r.h., and L16:D8 photoperiod for 5 days, after which 166 the the number hatched eggs was recorded. 167 168
Statistical Analysis 169
Data for each of the three attract-and-kill formulations were analyzed as three separate 170 experiments within a time period, and comparisons were made for each specific formulation 171 (e.g., applied insecticide concentration of a particular device type) across time periods. Each 172 device formulation type was treated with different concentrations of insecticides and four 173
replicates of each device type-insecticide concentration were established. A total of 20 males 174 were tested within four blocks of each device type. Each adult male in a group of five was 175 released individually and used only once. 176
The attract-and-kill formulations were tested in the wind tunnel at 0, 4, 6, and 8 weeks after 177 being established, and they were held and aged in a room separate from the wind tunnel between 178 testing times. The experimental design used for each attract-and-kill formulation was a 179 randomized complete block design with four replicates. Each replicate was treated as a block. 180
The observations assessed were the percentage of released males that landed on and made 181 contact with the device, the time in seconds each adult male was in contact with a given device 182 formulations (Fig. 1a) across the entire eight-week experiment did not show significant 199 differences for contact behavior among the two insecticide active ingredients and blank gels ( Landing and contact responses of moths varied significantly in some cases when compared 208 across gel types within a given bioassay week, and also across weeks within a particular gel type. 209
At week 0, the highest percentage of landing by male moths was 55% for the Blank 100 mg and 210
Permethrin 50 mg, and the lowest was on Permethrin 100 mg at 20%. At week 2, 4, and 6, there 211 was no significant difference in percent contact among treatments. By week 8 responses to the 212 gels were very low, but with some difference among treatments (Fig. 1a) . When comparing 213 across bioassay times the maximum landing by males on the gel formulations was observed at 214 week 2, when responses ranged from 70 to 85%. 215
Analysis of the percentage of males landing on the wax panel devices (Fig. 1b) showed no 216 statistical difference among treatments for the whole experiment (F 5, 567 = 1.01; P = 0.4117), nor 217 for treatments within weeks (F 20, 567 = 1.30; P = 0.1733). The comparison of the moths that 218 contacted the panels across the eight-week period shows that at week 0, less than 25% of moths 219 landed on the device. This response increased to 90 to 100% from week 2 to the end of the 220 experiment. At week 0, the formulations Blank and Cyfluthrin at 0.01 and 0.1% elicited 25% or 221 less of landing, which were statistically different from the Cyfluthrin 1.0 and 6.0%, and 222
Permethrin 6.0%, at 5% landing for each (Fig. 1b) . However, Cyfluthrin 0.1% was statistically 223 similar to Cyfluthrin 1.0%. At week 2, all treatments elicited 90 to 100% landing by males and it 224 was similar up to the end of the experiment at week 8. 225
The percentage of moths landing on the plastic cylinder ( Fig. 1c ) was observed to be 226 significantly different among treatments overall (F 3, 377 = 3.74; P = 0.0113) and treatments within 227 weeks (F 12, 377 = 2.18; P = 0.0121). At week 0, Blank and Cyfluthrin 2.0% showed attractiveness 228 of 50 and 60% respectively, significantly greater than the other treatments. At week 2, 229
Cyfluthrin and Pyrethrin 2.0% elicited 85 and 80% landing, respectively, and were statistically 230 similar. Pyrethrin 2.0% did not differ from Blank (65% landing). However, these treatments 231 differed from Permethrin 2.0%, which showed the lowest landing rate of 45% in week 2. From 232 week 4 to the end of the experiment at week 8, all treatments elicited 100% landing by tested 233 males onto the plastic cylinder devices. These plastic cylinder devices used the same 234 commercial pheromone lures as the wax panel formulations, and similar patterns of response 235 were observed during other weeks for the two devices. At week 0, there was low response and 236 from week 4 to the end of the experiment there was 100% landing of all 20 males (5 males in 237 four replicates) for all wax panel and cylinder devices. 238
Contact time 239
The contact time, which was the time in seconds that adult males were in contact with 240 devices tested, is shown in Fig. 2 . The gel-like formulations ( All gel treatments, when analyzed across the eight-week period, showed the highest contact 249 time at week 2, and they were significantly different from the rest of the weeks. At week 0 the 250 Blank (100 mg) and Permethrin (50 mg) gel formulations were statistically similar and showed 251 the highest contact time (0.8 and 0.75 seconds, respectively), but they differed statistically from 252 Pyrethrin 50 mg and Permethrin 100 mg, which had the lowest contact times. All these 253 treatments were statistically similar to the rest of the treatments. At week 2 Permethrin 50 mg 254 showed the longest contact time, with a mean of 1.5 seconds, and it was significantly different 255 from the formulations with Pyrethrin 50 and 100 mg. At week 4, all treatments were statistically 256 similar, and at weeks 6 and 8 the contact times were very brief and differences were slight 257 among gel types, though statistically significant. 258
Analysis of male contact time on the wax panel formulations (Fig. 2b) revealed that there 259 were significant differences among AI treatments overall (F 5, 570 = 2.23=; P = 0.0498) and among 260 treatments within weeks (F 20,570 = 3.44; P < 0.0001). At week 0, when pheromone lures were 261 fresh from their storage packages and residual insecticides were recently applied, all wax panel 262 treatments had very short contact times when compared to the rest of the weeks, which were 263 statistically similar to each other. At week 2, the panels with Cyfluthrin at 6% had the longest 264 mean contact time of 13.8 seconds, while Permethrin at 6.0% had the shortest time of 7.1 265 seconds. Conversely, at week 4 Permethrin at 6.0% had the longest contact time at 12.4 seconds, 266
while Cyfluthrin at 0.01% had the lowest contact time at 5.6 seconds. At week 6, Cyfluthrin 267 0.01%, Cyfluthrin 0.1% and Permethrin 6.0% did not differ statistically, but they were 268 significantly different from Cyfluthrin 1.0% and 6.0%. Cyfluthrin 6.0% and Permethrin 6.0% did 269 not differ statistically from the rest of the treatments at week 6. Contact times on wax panels at 270 week 8 were statistically similar to those observed at week 6. 271
Analysis of contact times for the plastic cylindrical (Fig. 2c ) device formulations showed a 272 significant difference among AI treatments overall (F 3, 380 = 8.58; P < 0.0001) and AI treatments 273 within weeks (F 12, 380 = 1.82; P = 0.0436). As with wax panels, contact times on plastic cylinders 274 were short at time 0 and then were longer in most cases from bioassay time 2 weeks through 8 275 weeks, with the longest mean contact time observed for males on cylinders with Cyflthrin at 276 2.0% AI. 277 Fig. 4 shows the percentage mortality of adult male P. interpunctella 24-h after contacting 279 the attract-and-kill devices. For the gel formulations (Fig. 3a) there were no significant 280 difference among amounts of gel (F 1, 567 = 0.60; P = 0.4380), interaction of gel amounts within 281 week (F 4, 567 = 0.14; P = 0.9664), interaction of AI treatment by gel amount (F 2, 567 = 1.96; P = 282 0.1422), or AI treatment by gel amount by week (F 8, 567 = 1.62; P = 0.1152). However, there 283 were significant differences among treatments (F 2, 567 = 35.86; P < 0.0001) and treatments within 284 weeks (F 8, 567 = 6.99; P < 0.0001). Regardless of overall differences, the highest mortality was 285 observed only in week 2 with gel containing 6.0% Permethrin, at 70%, and in subsequent 286 bioassay times the male mortality levels were relatively low, ranging from 0% to 40%. 287
Male mortality after contact 278
The analysis of wax panel formulations (Fig. 4b ) revealed significant differences among AI 288 treatments (F 5, 567 = 196.37; P < 0.0001) and for the interaction of AI treatments by weeks (F 20, 289 567 = 12.11; P < 0.0001). At week 0, all AI treatments were statistically similar with very low 290 mortality. However, from week 2 to the end of the experiment at week 8 the wax panel 291
formulations based on Cyfluthrin and Permethrin both at 6.0% AI, which were statistically 292 similar, killed over 85% of the adult males, followed by Cyfluthrin 1.0%, which differed 293 statistically from the rest of the treatments, which had only 0% to 10% mortality. The attract-294 and-kill formulations based on the plastic cylinder showed a significant difference in male 295 mortality among AI treatments (F 3, 380 = 78.15; P < 0.0001), but the interaction of AI treatments 296 by weeks was not significantly different (F 12, 380 = 1.38; P = 0.1732). 297
The cylinder device sprayed with Cyfluthrin 2.0% elicited significantly higher levels of 298 mortality compared to the other treatments, and it killed 75% or more of the adult males during 299 the whole experiment, except for week 0 in which it killed 50% on average (Fig. 3c) . 300 301 3.4. Egg-laying 302 Fig. 4 shows the mean egg-laying per female P. interpunctella that were paired for 24-h with 303 males that had contacted attract-and-kill devices in wind tunnel bioassays. The statistical 304 analysis for the gel formulation (Fig. 4a) showed that there was no significant difference among 305 AI treatments (F 2, 570 = 2.75; P = 0.6877), amount of gel ( males that had contacted gels were relatively high. 314
In the case of the wax panel (Fig. 4b) , there was a significant difference among AI treatments 315 Analysis of females paired with males that had been bioassayed against the cylinder devices 322 (Fig. 4c) showed a significant difference in egg laying among the AI treatments (F 3, 380 = 28.98; 323 P < 0.0001), but there was no significant interaction effect of the AI treatments by weeks (F 12, 380 324 = 0.87; P = 0.5746). In the whole experiment, the Blank treatment showed the highest egg 325 laying and was significantly different from the rest of the treatments, except at week 8, in which 326 it was similar to Permethrin 2.0%. The Cyfluthrin 2.0% generally had the most suppressive 327 effect on number of eggs laid per female. 328 329
Egg hatching. 330
Analysis of responses to the gel formulations revealed a significant difference among AI 331 treatments (F 2, 569 = 10.21; P < 0.0001) in the percentage of eggs that hatched from those laid by 332 females paired with males from bioassays (Fig. 5a) . However, there were no significant 333 differences among gel amount (F 1, 569 = 0.01; P = 0.9492), interaction of AI treatment by gel 334 amount (F 2, 569 = 1.79; P = 0.1679), interaction of AI treatment by week (F 8, 569 = 1.82; P = 335 0.0706), interaction of gel amount by week (F 4, 569 = 0.40; P = 0.8098) and interaction of AI 336 treatment by gel amount by week (F 8, 569 = 0.38; P = 0.9299). There were no significant 337 differences among AI treatments at weeks 0 and 8. In the other weeks there were statistically 338 significant reductions in egg hatching in clutches from insecticide-treated gels, but these were 339 not substantial. 340
The experiment with the wax panel (Fig. 5b ) showed significant differences in egg hatch 341 among AI treatments (F 5, 570 = 45.57; P < 0.0001) and in the interaction of AI treatments by week 342 (F 20, 570 = 4.05; P < 0.0001). Permethrin 6.0% and Cyfluthrin 1.0% and 6.0% were the 343 treatments with lower percentage of hatched eggs in most of the dates and these three were 344 statistically similar at the eight-week period. In general, high concentrations of Cyfluthrin and 345
Permethrin on wax panels were associated with lower percent of egg hatching compared to the 346 Blank and low percent AI of Cyfluthrin. 347
The cylinder formulation analysis (Fig. 5c) showed experiment-wide significant differences 348 in egg hatching among AI treatments (F 3, 377 = 37.38; P < 0.0001). However, there was no 349 significant interaction of AI treatments by weeks (F 12, 377 = 1.12; P = 0.3419). The percentage of 350 hatching of the insecticide treatments was significantly lower than Blank in weeks 4, 6, and 8. 351
Hatch rates were the lowest resulting from AI treatments of Cyfluthrin 2.0% in week 2 and 4, 352 The experiments reported here will help determine the optimal device design, pheromone 357 release technology and insecticide formulation to pursue further for development of an attract-358 and-kill technology to control pest populations of P. interpunctella in commercial settings, some 359 of which were tested in subsequent research (Campos 2008 ). The eight-week time period 360 studied here was employed to examine a realistic time period in which a pest control company 361 might apply a typical treatment to a facility, such as frequency of insecticide sprays or aerosols 362 "fogging" applications (e.g., Arthur and Phillips, 2003), for Indianmeal moth control. Since the 363 ultimate goal of the attract-and-kill strategy is to kill enough males in a population to cause a 364 negative impact on reproduction, these experiments provided an estimate of reproductive impact 365 by killing or otherwise incapacitating male moths so that mating and reproduction with females 366 could be reduced. The reproductive fitness of individual males that had contacted an attract-and-367 kill device was manifested by how many eggs were laid and 1 st instar larvae (percentage of eggs 368 that hatched) produced when they were paired with a virgin female immediately after treatment. 369
It is important to note that the percentage of males landing on and maintaining contact with 370 any of the three devices was consistently low at time 0, but then improved in subsequent weeks 371 as the formulations aged. This delayed activity was probably due to the pheromone dispensing 372 system being newly exposed to air at time 0. The commercial pheromone lures (Biolure® lures) 373 were opened from sealed storage packages and the LastCall® gel was applied from tubes just 374 before conducting the time-0 assays. We submit that there was a relatively high release of 375 synthetic pheromone at time 0 compared to later times such that orientation to the point source 376
and sustained contact by responding males was inhibited or otherwise less than optimal. 377
Although percent contact and contact time were low at time 0, we noted that most males 378 approached the attract-and-kill device in a zig-zag flight pattern; they landed within a few 379 centimeters from the pheromone source and walked around with abdomens curved ready to mate, 380 which would be adequate to be captured in sticky traps for which the slow-release The wax panel and cylinder devices were clearly superior to the gel formulation for 388 achieving desired moth responses. Gel formulations elicited very low contact response (20-55%) 389 at time 0, peak responses at the 2-week bioassay (70-85%), and then had a sharp decline in 390 activity from week 4 to week 8. Thus, the gel formulation could not sustain activity for 391 substantial male-killing through the eight-week study, which was not addressed in the 392 experiments by Nansen and Phillips (2004), and our data suggest this gel would probably be 393 ineffective in a practical application for 8 weeks. Alternatively, the Biolure® pheromone lures 394 used with the wax panel and cylinder devices had characteristic low activity for contact only at 395 time 0, but showed increased and sustained activity for male response from week 2 onward, with 396 essentially 100% male contact and contact times of several seconds. Contact time with the 397 devices was similarly much higher for the wax panels and cylinders that were baited with 398
Biolure®, compared to the gel formulation, and this was maintained from week 2 until the 8-399 week end of the study. 400
Higher and sustained mortality levels for certain formulations of wax panels and plastic 401 cylinders compared to the gel can be attributed to the more effective pheromone lure system, but 402 also probably to the overall larger surface area of the device itself, compared to the small amount 403 of material presented by the gel formulations. High contact times were recorded for moths 404 responding to wax panels and cylinders, and it was observed that during these times the male 405 moths would move around over the surface of the device, which probably contributed to better 406 contact with insecticide and the ultimate toxicity. Higher male mortality levels, specifically on 407 the wax panels with 6.0% Cyfluthrin and 6.0% Permethrin, and on the plastic cylinder with 2.0% 408
Cyfluthrin, corresponded to high male mortality, subsequent low levels of egg laying and 409 ultimately low hatch rates of those eggs. These results suggest that the wax panel formulation 410 would be effective for Indianmeal moth suppression in practical applications. The results 411 indicate that higher concentrations, greater than 1.0%, of the synthetic pyrethroids Cyfluthrin and 412
Permethrin, result in the most effective attract-and-kill devices when the wax panel and plastic 413 cylinder were used. 414
Organically-compliant natural Pyrethrin at 2.0% was not effective enough on the plastic 415 cylinder at any bioassay time during the eight-week period to pursue further applied research. 416
Permethrin at 2.0% on the cylinder was also not effective compared to 2.0% Cyfluthrin, and this Blank 50 mg Blank 100 mg Pe 6% 50 mg Pe 6% 100 mg Py 6% 50 mg Py 6% 100 mg a) Gel
